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2 ? 1? ??





? 1.1.1 ?????? DiVincenzo criteria???? [18]
#1 #2 #3 #4 #5
NMR ? ? ? ? ?
??????? ? ? ? ? ?
???? ? ? ? ? ?
Cavity QED? ? ? ? ? ?
?? ? ? ? ? ?






??????? [20, 21, 22]??????????????????-??????? (?
?????T2) ??????????????-??????????????????
???????????????????????? 10¡5 (300 K?11.7 T)?????
????????????????????????????????????????
????????????????????????????????????????















[33, 34, 35]???????? NMR ???????????????????????
?????????????????????????????????? qubit???
????? 2?3qubit?????????????













???? I = 12 ??????????????????????????? j+ 12 i?





?????????? N+ ??j+ 12 i?????????N¡ ??j ¡ 12 i???????








4 ? 1? ??









????1H??????????? 300 K????? »1??????B0 ? 106 T?
?????????????????????????????????????? 11.7
T? 500 MHz????????mK????? »1????????????????
????????????????????????????????????????
???? (DNP: Dynamic Nuclear Polarization)[41]?????????
?????????????1H ???????? 660 ?????? T ??????
???1K ??????? »1 ?????????????????????????
????????Overhauser ?? [43, 44]????? [45, 46, 47]????? (thermal







































? 2 ????triplet-DNP ??????????? ICP ?????????????
????????????????????????????????????????
????????????









































?????????????? (?? mT)????????? [66]???? 1980???
Deimling???????????????????????????????? (Solid
E®ect) ???? DNP ????? [67]???????X ??? (» 9 GHz) ?????






?? [55]??????????Integrated Solid E®ect (ISE)????????????








???????????? S0 ????????? S1 ????????????????
???????? S0 ??????????????????????? Tn ????
??????????????????????????????? (ISC: Intersystem
Crossing)????????-???????????????????????????
???? (ISC quantum yeild) ????????????????????? (6 ??










X = 503 MHz
Y = 418 MHz
Z = -921 MHz
2|E| = 85 MHz
D + |E|
 = 1424 MHz






















+ E(S2X ¡ S2Y ) (2.2.1)
??????????D?E ??ZFS??????S(S = 1)?????????????
?? HZFS ??fjXi; jY i; jZig????????????????????? Sz ???
2.2 ICP???? triplet-DNP??? 9
?? fj1i; j0i; j ¡ 1ig????????
jXi = 1p
2
(j ¡ 1i ¡ j1i)
jY i = ip
2
(j ¡ 1i+ j1i) (2.2.2)
jZi = j0i




(X + Y )¡ Z (2.2.3)
E = ¡1
2
(X ¡ Y ) (2.2.4)
?????????ESR??? [74]???????????????? (X;Y; Z)= (503





? 2.2.2 ??????? ZFS????????
???????????????????????????????????????
???????????????? B0 ????????Hz ??
HZS = g¯B0Sz = !SSz (2.2.5)
??????????¯ ?????? (» 2¼¢14 GHz¢rad/T)????g??g?????
(» 2)???????????????????? X????????????????









(X ¡ Y )2 + !2s (2.2.6)








(X ¡ Y )2 + !2s (2.2.8)
10 ? 2? ICP???? triplet-DNP?????????
??????????????????? f!+1; !0; !¡1g?? 2.2.3?????????
????????????????????????????????????????
????

















? 2.2.3 ??????????????? f!+1; !0; !¡1g
????????????????????? (hyper¯ne coupling)????????
?????????? (HHY) ???????????????? (HisoHY) ??????
???????? (HanisoHY ) ???????????????????????????
?? [70, 71, 72]????????????????????????????????
?????????????????? T.-S. Lin???????????? [73]???










Qk = ½k°eBC (2.2.10)
????????? IZ?SZ ?????? 1H???????????????????
???½k ??k ??????????????????BC ????????????
¡2.3 mT???????????????????1H???????????????







Ij ¢ Sk ¡ 3(I














2.2.2 ICP (Integrated Cross Polarization)
ICP???? NMR?????????????? (CP : Cross Polarization)[42, 75,
76]?????????????????????????? 13C? 15N???????
????????????? 100%? 1H?????????????????????
?????????????????????????? 1H???? 13C???? CP
???????13C??????? 4?????????S/N????????????
????? (FID : Free Induction Decay signal)???????13C????????
??-????????? 1H ??????????????????????????






















12 ? 2? ICP???? triplet-DNP?????????
???????????????????? NMR?????????? °HB1 ???



















(°eB1)2 +¢!2 = !e (2.2.16)









































14 ? 2? ICP???? triplet-DNP?????????
??????????????????? 1/2?? (¯ctitious spin 1/2 formalism)[77]
????????????????????????????????????????
??????????? [78]????????? BS ? ¿S ???????? B0 ???
????








H = HZI +HZS +HZFS +HisoHF +HanisoHF +HMW +HIID (2.2.20)
?????????HZI?HZS ? 1H????????????????HZFS ????
?????????????????? HisoHF?HanisoHF ????????????????
HMW ?????????????????????????HIID ? 1H???????
???????????????????HIID ???????????????????


























SZ + !1SX (2.2.21)
!S(t) = °SB0(t) (2.2.22)








Qjk = ±jk½k°SBC (2.2.25)
Ajk = ½kdjk(1¡ 3 cos2 µjk) (2.2.26)
















(jrihrj ¡ jsihsj) (2.2.30)
2.2 ICP???? triplet-DNP??? 15












SZ = 2(S1¡2Z + S
2¡3




HR = 2(!S(t)¡ !)S1¡3Z +
2
3




























































HTR = exp[i®(t)S1¡2Y ]HR exp[¡i®(t)S1¡2Y ]



































16 ? 2? ICP???? triplet-DNP?????????






























































































































1-13C?????????????? (? 3.2.2)?????????? 1/2??? 13C?
??????? 1H???? 2qubit???????????????????????















??????????????????1H ???? 13C ?????????????
ICP?? 1H??????????????????????????????????
1H??????????????????????????????????????













? 3.2.3 1, 2-13C????????



























???13C ???? 15N ???????????? 2-°uroquinoxaline (? 3.3.2) ??
????????????????????? 5qubit ??????????????
Gaussian03 ??????????????????????? 2-°uoroquinoxaline ?


















































???????[deg]    (Φ=60°)
? 3.3.3 2-°uoroquinoxaline? 13C??????????? 2??? Ã ?????
???? (? 1??? Á = 60±)?





















? 3.3.4 2-°uoroquinoxaline? 15N??????????? 2??? Ã ?????











24 ? 3? ????????????
3.4 ???????
???????????? p-???????? 1» 2%??????????????
????????????????????????????????????????
????????????????????????????????????????





?? 5 cm?????????? (? 3.4.1)????????????? 12??????

































? 1-13C???????????????????????? 1/2?????? 13C?
















????????????? ¹ ¢B???????????????? ¹???????
????? I???? ¹?°¹hI?????????? ° ???????¹h???????
???????????????????????
H = ¹ ¢B
= °¹hI ¢B? (4.2.1)
???????????? z ??????? B0 ?????x¡ y ????? B1????
? !rf??? Á???????????????????????
H = ¹h!0Iz + ¹h!1 [cos(!rft+ Á)Ix + sin(!rft+ Á)Iy] (4.2.2)
28 ? 4? Lee-Goldburg???????????
?????????!0 = °B0?!1 = °B1 ????????!rf ???????????
????????
Hrot = ¹h(!0 ¡ !rf)Iz + ¹h!1 [cosÁIx + sinÁIy] (4.2.3)
????!0 = !rf ???????????????????? 1 ??????????
Á = 0? x??????????????




? i???? j)????-????? J ?????????????? NMR???
HJ = 2¼JIziIzj (4.2.5)
???????????????????????2qubit ?????????????






1 0 0 0
0 1 0 0
0 0 1 0
0 0 0 ¡1
1CCA (4.2.6)





1 0 0 0
0 1 0 0
0 0 0 1





????????? [90, 91]??? qubit ????????????????????
????????????????????Bloch-Siegert ?? [92, 93, 94] ?????
??????????????? [95]??????????????????????
???????????????????????????????????????
?? (??????????????????? qubit ??????????????


















???????qubit?????? 13C???????? 1H???????? 1H??
????????????????????????????????????????
????????????1H?????????????????????? NMR?




????????????? (MAS : Magic Angle Spinning) ? [98, 99] ?????
?????????????? (µm = cos¡1(1=
p
















(1¡ 3 cos2 µij)(3IziIzj ¡ Ii ¢ Ij) (4.3.1)
????????¢!(= !0 ¡ !) ???????????????° ???????µij
??i???? j ???????????????????????Izj ? j ?????






???? (? 4.3.1)???????????????????? !e® =
p















??? fx; y; zg???????? fX;Y; Zg??????
IZ = Iz cos®+ Ix sin® (4.3.2)
IX = Ix cos®¡ Iz sin® (4.3.3)
IY = Iy (4.3.4)
?????????????
Iz = IZ cos®¡ IX sin® (4.3.5)
Ix = IX cos®+ IZ sin® (4.3.6)
Iy = IY (4.3.7)
??? 4.3.1???????


















HTR¡1 = (HTR+1 )y (4.3.12)





(3 cos2 ®¡ 1) (4.3.14)
¸§1(®) = ¡12 sin® cos® (4.3.15)







(1¡ 3 cos2 µij)??????????????????
????????????????????????????????????????
????????? (Secular Averaging)??? IZ ?????? HTR0 ???????
????????????????



















32 ? 4? Lee-Goldburg???????????
??????? 1qubit?????????????? 4.3.2??? LG???????
???????????????????????????? Á ? LG ???????
??????? I ??????????????
HR = ¢!Iz + !1(Ix cosÁ+ Iy cosÁ) (4.3.19)









??????????????y ???? 54.7± ???????????? Z ????
135± ????????????????? fx; y; zg?? fX;Y; Zg??? f³; »; ´g??
???? 8><>:
Ix = IX cos 54:7± + IZ sin 54:7±
Iy = IY
Iz = IZ cos 54:7± ¡ IX sin 54:7±
(4.3.20)
8><>:
IX = I» cos 135± ¡ I´ sin 135±








































!e®II³ (Á = 0±)
!e®II» (Á = 120±)
!e®II´ (Á = ¡120±)
(4.3.23)
4.3 Lee-Goldburg??????????? 33















? 4.3.3 ³?»?´ ????
4.3.3 2qubit???
2qubit ?????1H ???? 13C ??????????????????????
? LGCP (Lee-Goldburg Cross Polarization[100]) ????????????????
?? I ???? S ?????????????????




(1¡ 3 cos2 µIS)????????I ?????? !1I
????????? LG???S ???????? !1S ???????????????
???I???? LG???????? S??????? !e®I = !1S ????????
?????????????? Z ???????????????????? Z ???
??????????I-S ????????????????




sin 54:7±(I+S¡ + I¡S+) +Hnonsecular (4.3.26)
??????????????????? I-S???????????????????
??????Hnonsecular ???????
HDTRIS = dIS(I+S¡ + I¡S+) (4.3.27)
????????dIS = BIS4 sin 54:7
± ????
34 ? 4? Lee-Goldburg???????????
? 4.3.27 ?????????????????????????????????
?????????????? 2qubit????????????????? [101]???
¿ = ¼dIS ???????????
UiSWAP = exp(iHDTRIS ¿) =
0BB@
1 0 0 0
0 0 i 0
0 i 0 0
0 0 0 1
1CCA (4.3.28)




?? 1?? iSWAP?????????????? (? 4.3.4)????????????





1 0 0 0
0 0 0 1
0 1 0 0








































































» 1¹ sec ????????????????????????????? (?????
? 6????)?????????????????????????????????
?????????????????? 1011 W/m2 ???????????????
????? [102]???????????????????? (?????????) ? 8
mJ/pulse???????????????????? 3 mm????????
??????????????










??????????OP??? PA-05 (Apex microtechnology) ??????????
???????????????????0.25 ­ ?????????????????























1k 120 100p 0.1u 220u
0.1u 220u




² Slotted tube resonator[104, 105]




































ICP ??????????????????????????? NMR ??????
???????????????????????????????????????
???????????????????NMR??? 1H???????????§15
mm ??? NMR ???????????????????????????????




???? 35 mm??? 20 mm??????????????????????????
?????? 5.2.4? CST Microwave Studio?????????????????
? 5.2.5????? TE011???????????????? A?????????
???????????????????? Á4 mm????????????????




????????????9.13 GHz???? Q?? 1200????
42 ? 5? ????????????????????
microwave laser














???????????????? (? 5.2.8)??????????? 0.36± ?????
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5.3 ????????? NMR???? 47
5.3 ????????? NMR????
?????????? 1-13C??????????????NMR??????1H?



















































????????????? (? 5.3.4)?????? (??????????11.7 T) ?
?????? 70 mm?????????????????????????? NMR?
????????????? 53 mm???????????????????????
NMR????????????????????
???? NMR ??????? 5.3.5 ???? Martin ?????????????
[109]????????????????????????????? 1H ??????
??????????????? [110]??????????????????????
??4 K?????????????? Voltronics?? NMCB10-50CK???????
??????????????????????????? 0.34 inch????????
?????????????????????????????NMCB10-50CK ? 1.5


































? 5.3.3 ????????? (a)?????? (0.55 mm???????? 3.5 mm?
?? 7mm?3 ??105 nH)?(b) ???????? (0.55 mm ???????? 3.5
mm??? 3.5mm? 5??76 nH)?????????» 1:5£ 1:5£ 2 mm????
????????????????????????
50 ? 5? ????????????????????











kV ????????????????? 300 W ?????????????????
??????????????????????????NMR???????????
?????????? 83 nH??? (?? 3.5 mm??? 8 mm?? 1mm????7?






????????????? 1.8± ???????§180± ????









balance circuit series resonance      H1






? 5.3.1 ????? Q??????????
1H 13C 2H
1H 74 -15.6 dB -18.4 dB
13C -24 dB 103 -23 dB
2H -31.1 dB -28.9 dB 77
????? Q?????????????????????????????????
(?. -15.6 dB??1H??????? 13C?????????????)?






































????????????????????????? 15 ¹ sec?§5 mT??????
????????????? 40 W ?????????????????-?????
??????? [112] ?????? 250 K ????????????????????





?????????? 1H??????????? [114, 115] ?
























56 ? 5? ????????????????????
-60-40-200204060
background ×30





? 5.4.3 1H ????? : (a)ICP ???????? 50 Hz ? 90 ????????
????????(b)?????????? 1H?????
5.4 ???? 57
?????? 90 ??? ICP ??????????? 1H ???????? 11 % ?
??????????????????????????????? 20 %??????
????????????????? 63 %????????????????????













???????? 5.4.4??1H??????? 13C??????? 13C???????






??????? 50 Hz? ICP? 10 ???????????????????13C??
????????????????????????? 13C??? (?????? 1.1%)













? 5.4.5 13C ??????????????????? 50 Hz ? 10 ??? ICP ?
???????????????????? 13C ????????????????

























? 5.4.7 99.4 %-??????????????????? 1H ?????????
???? 50 Hz ? ICP ? 10 ?????????????????(a) ?????
























?????? 90 ??? ICP ??????????? 1H ???????? 11 % ?
??????????????????????????????? 20 %??????
????????????????? 63 %????????????????????















0.004»0.64[117, 119, 120, 121] ????????????????p-????????








????????????????????????? j0i? 20 ¹s????? [122]?































???????????????????? S0 ?????????????? t > 0






????B ?????????? B ??????F (!)???????????????
???????? ¹u?????????? u(!)??????
u(!) =
8<: 0; j! ¡ !0j > ¢!=2¹u; j! ¡ !0j · ¢!=2 (6.2.2)
6.2 ?????????????????? 65
????!0 ??????????????????¢!???????????????
? c???? ´ ?????????? I(!)d! ? I(!)???????cu(!) = ´I(!)?
??????????
I(!) =
















S1 ?????????????ISC??????????????? (???? k23)?
?????????????????????????? S0 ???????????
k21)?????????????W ???????????????????? A??









A+ kIC + k23
(6.2.7)










???????? z ?? S0?S1?T1 ????????? ½1?½2?½3 ????????
?????????????













½1(t = 0) = ½0? ½2(t = 0) = ½3(t = 0) = 0 (6.2.11)
½1(t) + ½2(t) + ½3(t) = ½0 (6.2.12)
?? dt = ´dz=c ?????? dV = adz ???????????? ¡d¹I 0¢! ???
??????a?????????????????????????????????
????????????? dV ???????




????????dn0 ? dV ????????????????¡d ¹I 0¢!???????
??????




???????? dn0 ? S0 ?? S1 ?????????????????dn0 ?????
??????????
















??????????? z ?? z + dz ??????????????????????
???
¹I(z + dz; t+ ´dz=c)¡ ¹I(z; t) = d¹I 0 + d ¹I 00
=




















¹I(z; t < 0) = 0; ¹I(z = 0; t ¸ 0) = ¹I0 (6.2.20)















































? 6.3.2 ?????????????????????????(a)OPO ????
?????????????(b)?(c)?(d)???????2?4?8????????
????????????????????




directional coupler NMR system
transmitter
receiver
tuned at 85 MHz
? 6.3.3 Q????????????? ESR??????
6.4 ????
6.4.1 ??????????????
?????????? 0.05 mol%????? p-?????????????????
??????????????????????????????????? (ab?)?
????????????????????????????????



























?????????????ESR???????????? (? 6.4.2 (a)-(d))????
????????????????????????????????????????
???????????????????????????????????????
?????????????????????? (? 6.4.2 (e)-(h))??????????
?? S0 ????????????????????????????????????


















































(a) (b) (c) (d)
(e) (f) (g) (h)
? 6.4.2 ???? ESR????????????????????????????
????????????????????????????????(a) - (d)???

























???????????????????????????????? [55, 56, 57]??
????Takeda?? 2004??????????? 0.7§0:07????????????


























???????????????? p-?????? (C18H14?? 7.2.1)??????p-
????????????????????????????????????????











????????? NMR??????? (? 7.2.2)????????? p-??????
??????? NMR????????????????????1.7 %???????

























? 7.2.2 ???? p-????????????? NMR ????????????
? TMS????????????????????????????????
7.3 1H????????????







P (t) = B( ¹Pe ¡ P (t))¡ 1
T1
(P (t)¡ Ppth) (7.3.1)
???? ¹Pe?Ppth?B?T1 ????????????????????????????



































¹Pe ?????????????????? (15 ¹ sec)??????????????
??????????????? 0.63??? [113]?????????????? (7.3.4)
?? B ? 1=T1 ?????????
ICP ????????????????????????????????? P¯nal
????????????? B + 1=T1 ????????????? 2????????
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? 7.4.1 1H ????????????????? (a) 98.3 %-???? p-????
?? (b) ?? 1H ???? p-?????????????????????????
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? 7.4.3 ????????????? B + 1=T1 ??????????
7.4.2 ????????? B ????-?????? T1
????????????? P¯nal ? B + 1=T1 ?????????????????
? B ? ICP?????-?????? T1 ??????????????? 7.4.4???
????????????????????????????????????????
??????????????????B ????????????????? 1H??
?????????????????????????????? 0 %?? 98.3 %??
????????????????????? 1H?????????????????
????????????????
???ICP?????? T1 ?? 7.4.5(a)???????? 7.4.5(b)?? ICP???
???????????? p-??????????-????????????????
????????ICP?????????????-????????????????




? j1i???????? ICP????? NMR??????????????????
???????????????? [113]????????????
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P (0) = B ¹Pe (7.4.1)
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)p(x; y; z; t); (7.4.2)
?????????????????? D ????????????
??????????????????????
² ????? 6.2 £ 10¡22 m3 ????????????????? L? 30???
? 27000?? voxel???????????? 0.05 mol%??????????
????????????? voxel ????????????????????
??????? voxel???????????????





( ¹Pe ¡ p) (7.4.3)
n = ½naphdV (7.4.4)
??????????????½naph ? p-??????? 1H ?????????






p(x = L; y; z) = p(x = 0; y; z)
p(x; y = L; z) = p(x; y = 0; z) (7.4.5)




??????? 4:5 £ 10¡19m2/s ?????????? (? 7.4.6(a))????????
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????????????????????????????????????????
?? DNP???????????????????????????????????











??????????????? 0»98.3 %??????????????92.5 %-??
????????????????? 1H ????????? p-??????????
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